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FIOW SEPARATION AHEAD OF A BLURT AXTALLY SYMMETRIC BODY
AT MACH NUMBERS 1.76 TO 2.10 ’ -

By W. E. Moeckel ) . . —

SUMMARY

The pressure dlstribution and drag of e spherlcal-nosed exially
symmetric body with slender rods projecting upstream of the nose were
determined at Mach numbers of 1.76, 1.93, and 2.10. The upstream
projectlion distance of the rods was varied over a wlde range to study
the changes in the charecter of the flow separation and to determine
the varilation of drag and pressure ‘distribution with rod tip projectlion.

For small tip projections, the flow separated near the tip of
the rod, whereas for larger tip proJections, separation took place
on the rod surface. For most rod lengths at all Mach numbers, the
drag coefficlent was between 0,35 and 0.60. Minimum drages were obtained
wlth rod tip projections equal to about three times the nose radius.

INTRODUCTION

An investigation of flow separation ahead of two-dimensional e e e
blunt bodies mounted on a flat plate was reported in reference 1. It .
wes found that, for a certaln range of body thicknesses (rela.tive to

Initiel boundary-leyer thickness) » wedge-shaped separatlion reglons

formed ahead of the body. The pressures in this dead-ailr region could

be predicted by a simple analysis. As the thickness of the body was

Increased, the steady wedge-type separation was replaced by an unsteady

flow which appeared to osclllate between separation from the surface

of the plate and separation from the leading edge.

The present lnvestigation was undertaken to determine whether
separation phenomena shead of axially symmetrlc blunt bodies are simi-

lar to those observed with two-dimensional bodies, and whether a range ,;-J q
of initiel boundary-layer thicknesses exists for which the anslysis >\ )
of reference 1 1s appliceble. The drag reduction resulting from flow p
separation ahead of the body was determined in the Msch number range - {),

-

investigated, and was compared with anslytical values. This investiga.—

tlon was conducted at the NACA Iewis lsboratory.
i PERMANENT
. RELJRD
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DESCRTPTION OF MODEL Al

. A sketch of the spherlcal-nose body used is shown in figure 1,
together with significant dimensions and notations. The nose was fltted
with bushings through which circular rods of radii 0.1R, 0.17R, and
0.25R were inserted to provide an initial boundary leyer. Each rod
had a conical tip of 40° included anglé. The projection distance of
the tip of the ruls upstream of the nose could be varied during
tunnel operation by manipulstion of a flexihle extension of the rod
outside the turmel. For some of the tests, a 1/4-inch strip of carbo-
rundum dust waes placed around the rods immediately downstresm of the
conical tips to induce transition of the boundary layer; but no attempt
ves made to determine whether a turbulent boundery layer was actuslly -
produced.

R

Btatlic-pressure orifices were located at 10° intervals on the -
spherical portion of the nose from 6 = 0° .to. 6 = 80°, For 6 .-
greater than 80°, the contour of the body becomes parsbolic. Pressure -
orifices in the parabolic portion of the body were not used, because : ]
only the drag of the spherical nose was deglred. oo — -

The experiments were conducted in the NACA Lewis 18- by 18-inch
tunnel, which has a test-sectlon Mach number of 1.9 and & Reynolds -
number of 3.24 x 106 per foot. In order to obtain other Mach numbers, . "
. the body was mounted on a flat plate whose angle of attack could be '
varied. In this menner, the models were- tested at Mach numbers of

1.76, 1.93, and 2.10. Schlleren photographs were taken of the flow «
patterns corresponding to each tip proJjection, rod radius, and Mach : _
number.

RESULTS AND DISCUSSION
Schlieren Observations ’ ST

A typical sequence of flow trensformations resulting when the tip )
proJections of the rods were increased is shown in figure 2. With the o
tip of the rod only a short distence upstream of the nose (fig. 2(e)),
conical separation from the shoulder of the rod is already apparent. - T
The detached shock obtalned with zero tip proJjection is replaced by a -
conical shock followed by & curved shock which appears to originate ’
slightly upstream of the point of contact of. the separated-flow region
with the body. As the tip proJection is incremsed (figs. 2(b), 2(c),
and 2(d)), the conical separation angle decreases until a critical i -
tip projection 1is reached. For tip projections greater than the criti- o
cal value, transitlon from separation at the shoulder to separation " e
on the surface of. the rod tekes place (fig. 2(e)). PFurther ihcresses -
in tip proJectlon appear to have little effect on the flow pattern ' N
near the nose, except that the shocks and the separation boundary
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become more distinct for large rod extensions (figs. 2(f) to 2(1)).
The point of origin of the second shock remains almost unchanged
throughout the transformetlons. The presence of this shock Iindicates
that the separation boundary 1s not preclsely tangent to the sphericel.
nose and also that the flow remains supersonic outslde the shear layer.

Schllieren photographs taken at other Mach numbers showed the same
successlon of transformations as those of figure 2 and are therefore
not reproduced. There were quallitative differences, however, in
schlieren photographs taken with and without the carborundum strip
on the rod. Figure 3 shows the sequence of transformations obtained
with the same rod and Mach number as those of figure 2, but with the
strip of carborundum pleced immediately downstream of the rod shoulder.
The chief differences are the tip projection for which transition
from one type of separation to the other takes place and the sharper
image of the shocks and separation boundary obtained with large tip
pro jections. : -

The sequence of events shown in figures 2 and 3 is in some weys
similer to that obtalned in reference 1 with blunt two-dimensional
bodies of various thiclknesses mounted downstream of the leading edge
on & flat plat. For smell values of the ratio of body thickness to
projecting plate length (b/L) separation occurred on the surface of
the plate downstream of the leading edge. As the body thickness was
increased beyond a critical value, unsteady transition from separation
on the surface to separsetlon from the leading edge was observed. For
the meximum wvalues of 'b/L investigated, however, no steady separation
from the leading edge was obtained, although the pressures in the
separation region were comparsble with those expected for this type
of separation. One of the chilef qualitative differences noted between
the two-dimensional and the three-dimensional phenomens is that the
change from one type of separation to the other was accompanied by
oscillatory flow in the two-dimeénsionel case, whereas no unsteady flow
configurations were observed ln the present investigation.

Pressure Distributions

Pressure distributions over the nose of the body from € = 10°
to 6 = 80° are shown in figure 4 for a Mach number of 1.93. The
effect of tip proJjection, rod radlus, end the tramslition strip on
pressure distribution was qualitatively simllar at other Mach numbers.
For each rod radius, the peak pressure coefficient decreases steadily
end shifts toward larger €@ as the tip projection is increased from
zero. The peaks reach a minimum at or near the tip proJection for
which the origin of separation begins to change from the shoulder of
the rod to the downstream surface. As the tip projJection is increased
beyond this value, the peak coefficlent increases toward a meximum '
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end shifts gradually toward smeller 6. Further increases in tip
proJection result in a fla.ttening of the curves with little change 1in.

the pressures near. 9 = 10° .and 6 = 80°. This flattening indicates

e trend toward truly conical separation, for. which & constant static

pressure over the portion of the nose in the separation region would .

be expected. - ) e e mm em .

The pressure distribution obtained in ‘e previous investigation for
& spherical nose without projections (R/Lj = =) 1s shown in fig-
ure 4(a) for comparison. Although the pressures for small 6 are
much higher without projections than with even a short pro jection,

the expesnsion at large € was more repid for the body without projec- .

tions. The less rapld expansion with projecting rods 1s probably
asgoclated with the second shock observed. in f:l.gures 2 and 3 downs'brea.m
of the conical shock.,

Drag Coefficient_s

. Prespure drag coefficlents as a function of tip projection were
obtained by mumerical integration of the pressure-distribution curves
of figure 4, and similar curves for the other Mach numbers, In order
to obtain a drag coefficlent corresponding to a hemispherical nose,
the a.ssump'tion was made that the pressure coefficient between 6 = o°
and 8 = 80° was independent of the form of the body for 6° grea.ter_
than 80°. The pressure coefficlent curves were then extrapolated to
Cp=0 st 6 = 90°, This extrapolation agrees approximately with the
measured pressure coefficients on the parsbolic portion of the body,
where overexpa.nsion to negative pressure coefficlents occurred near
6 = 90°, Bince the pressure coefficient at 6 = 80° is almost inde-
_pendent of tip proJection, and since 'l'.he proJjection area of a spheri-
cal nose between 6 = 80° and 6 = -90° 1is only 3 percent of the
total, no appreciable error was introduced by this extrapolation.

The theoretical drag correspond_‘i.ng to a 40°-includ.ed-a.ngle cone with

radius equel to the rod radius was added to the drag coefficlent :
obtained from the pressure distributlons to represent the contribution
of the rods to the pressure drag of the nose. gince the cross sections

of the rods were quite small relative to the cross section of the nose,

the drag contributions of the tip cones were aleo small. No attempt
wes mede to determine the friction drag of the configuration; 1t was
indicated in reference 1, however, that this drag should be of the

sane magnitude as the friction dreg of a solld 'body' wlth the nose
form of the separation region.
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The resulting dreg coefficlents are shown as functions of R/L;
in figure 5 for each Mach number investigated. The variation of drag .
with.tip projection follows the same trend as that noted for the peaks
of the pressure distribution curves of figure 4. A minimum drag
coefflcient is obtained at the tip projection for which the chenge
from separetion at the shoulder to separation on the downstream surface
of the rod begins. ILarger tip proJjections (sma.ller R/Ll) result in
an increase 1n drag followed by a more or less steady decrease as
R/L; becomes very small. For a Mach number My of 2.10 (fig. 5(c))
the drag rise appears to occur in two steps between which .Cp 1is
almost constant. At this Mach number the final decresse in Cp as .-
R/L, approaches zero apparently starts at velues of R/I, less than
0.04. Because of vibration of the proJecting rod at very large tip
projection, velues of R/IL; less than 0.04 could be cbtained only
wilth the largest rod used. Hence, the final decrease in Cp as
R/L; » O was obtained at this Mach mmber only for a/R = 0.25,
The minimm drag et each Mach number corresponds spproximately to the
theoreticael drag of a 21° half-angle cone and 1s less than half
of the drag of a spherical nose in a uniform supersonic stream.

DISCUSSION OF RESULTS
In reference 1, the following relationship was derived between

the body-thickness ratio and the conical separation engle when sepera-
tlon oceurs on the rod surface:

(1)

where T, i1s a function of A, defined in reference 1 ;B is a
factor of proportionality between the friction coefficlent on a solid
cone and the friction coefficient on a solid wedge, and 1 1s the
exponent of the Reynolds mmber in the formula for the Priction coef-
ficient on a flat plate. The quantities b s & Ay, and L &are defined

. 1n figure 1, from which the foilowing relations are evident:

b = R cos lc
(2)

L= Iy +R(1 - sin A}

. . uEmT
e 3. A P
e LUSNTTAL
. b
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Eguation (1) wae derived under the following assumptions: (a) The

flow separatiop results in a truly conloal dead-air region in which

the pressure 1s constant, and the dead-alr boundary 1s tangent to

the body surface; and (bs the change in momentum thickness alomg the
boundary of the dead-air region is proportional to that along a solld
cone having the same angle as the dead-air region., From the pressure- .
distribution ourves of figure 4, 1t 1s apparent that the condltions
assumed for the analysls were not obtalned experimentally, although

a tendenoy toward constant pressure in the separation region is evident
as the tip projection becomes very large., The faot that the pressure
was not constant 1n the separated region may be due to vortlcal

motions set up by the entrainment of air by the shear layer over the
separated region. Such entraimment would require an Inflow of alr -
from downstream and mey account for the second shock observed near '

the point of contact. of the separated reglon with the body contour.

A reversed flow near the -surface at this point could result in a

deflection of the air moving downsiream, with a oonsequent shock wave.

The experimental drag coefficilents are compared In figure S with
analytical values corresponding to conical separatlon from the tip of
the rod and to conical separation on the rod surface as given by equa-
tions (1) and (2). For emall tip projections (large R/I,) the

experimental drag coefficlents tend toward the curve corresponding to
conical separation from the tlp, while for very large tip projJeotions
(emall R/IL;) the experimental drag coefficlents decrease in a manner
gimilar to that predicted by equations (1) amd. (2). For most tip
projections, however, the experimental drag coeffiocients fall to agree
with either of the analytical curves, In partioular, the transition from
separation on the rod surface to separation from the tip 1s not
accompanied by the large change in drag coefflclent predicted in refer-
ence.1l, In this respect the axially symmetric case differs appreclably
from the two-dimensional cese, where relatively large changes in pressure
coefficlent were noted in the separated region durlng the change In -
position of separation (reference 1),

The fact that the experimental drag coefflclents for values of R/Ll

between 0.50 and 1.0 are higher than those predicted on the basis of
conidal separation from the rod tip is probably associated with the
ciroulatory motions in the separated region and with the resulting second
shock. The qualitative behavior of the flow for large values of R/Lj,
and also for very small values of R/Ljy, 1s therefore reasonably clear,
No explanation is yet possible, however, for the behavior of the flow for

intermediate values.of R/L;. In particular, the quantities that determine

when transition from tip separation to. surface separatlon willl occur héve

not been established, and the reasons for the changes in drag coefficient

resulting from changes in the rod radius or from the use of artificlal
roughness are not known.

-
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CONCLUDING REMARKS

Investigetion of the flow past a spherical-nosed body with project-
Ing rods indicates that pressure drag coeffliclents between 0.35 and
0.60 are obtained at Mach numbers between 1.76 end 2.10 and for rod

. lengths between 2 and 20 times the nose radius. The minimum drag at

each Mach number corresponded epproximstely to the drag of a 21° half-
angle solid cone, and wes obtained with a rod length about three times
the nose radius. This rod length corresponded to the meximm value
for which separation from the tip of the rod occurred. For larger

tip proJections, the drag coefficlent remasined much lower than pre~
dicted by the conlcal-separation analysis of reference l. The discre-~
pancy is belleved to be due chiefly to vortical motions in the sepa-
rated region, which were assumed to be negligible in the analysis of
reference 1.

Lewls Flight Propulslion ILaboratory
Netional Advisory Commlttee for Aeroneutics
Cleveland, Ohlo
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Flgure 1. - Notation used and significant dimensions of model.
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Flgure 2. - Effect aof tip projection on flow separation with naturael tremsition.
My =195, a/fR=0.37. '~ o
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R
(1) i—]: = 0,04,

Figure 3. - Effect of tip projection on flow separation with artificial transition.
My = 1.85, &/R=0.17. '
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